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I INTRODUCTION 


This  report  describes  the  work  performed  on  Phase  I of  a program  to 
investigate  the  possibility  of  cataract  generation  in  stumptail  macaques 
by  chronic,  low-level  exposure  to  electromagnetic  radiation  at  2.45  GHz. 

Present  exposure  standards  for  nonionizing  electromagnetic  radiation 
imply  far-field  conditions,  i.e.,  unidirectionally  incident  plane  waves. 
However,  the  use  of  omnidirectionally  incident  radiation  is  probably  the 
most  practical  approach  toward  investigating  the  effects  of  chronic,  low- 
level  exposures.  With  this  approach,  the  difficulties  and  problems  in- 
volved in  constraining  or  training  experimental  animals  such  as  monkeys 
to  face  a specific  direction  for  long  periods  of  continuous  irradiation 
(e.g.,  up  to  eight  hours  per  session)  are  avoided.  The  electromagnetic 
field  within  a multimode,  mode-stirred  microwave  cavity  large  enough  to 
accommodate  a suitable  monkey  cage  of  low-loss  dielectric  material  and 
excited  (at  2.45  GHz)  by  a properly  coupled,  controllable  magnetron  source 
should  constitute  the  equivalent  of  an  omnidirectionally  incident  irradi- 
ation source.  Accordingly,  the  objective  of  Phase  I was  the  design,  fab- 
rication, testing,  and  calibration  of  a microwave -cav ity  exposure  module 
for  housing  a single  stumptail  macaque,  with  the  module  to  serve  as  the 
prototype  for  the  exposure  units  to  be  constructed  and  used,  under  Phase  II. 
for  carrying  out  the  cataractogenesis  investigation. 


1 


II  SUMMARY 


The  module  developed  under  Phase  I basically  consists  of  a powered 
multimode,  mode-stirred  microwave  cavity  that  contains  a cage  of  size 
consonant  with  the  National  Academy  of  Sciences/National  Research  Council 
recommendations  for  housing  single  primates  weighing  up  to  15  kg.  The 
cage  is  constructed  of  dielectric  materials  having  low  loss-tangent  val- 
ues at  RF,  and  is  designed  to  withstand  the  activities  of  an  unrestrained 
stumptail  macaque.  Power  at  2.45  GHz  is  fed  into  the  cavity/cage  unit 
from  a magnetron  source,  and  the  requisite  ancillary  components  and  in- 
strumentation are  provided  for  setting,  measuring,  and  automatically 
maintaining  constant  RF  power  levels. 

Initial  calibration  of  the  prototype  module  entailed  calorimetric 
measurements  of  the  energy  deposited  in  cylindrical  bottles  containing 
0.15  N saline  water  as  first  approximations  for  the  RF  loads  presented 
by  monkeys.  The  energy  measurements  were  taken  for  various  values  of 
water  mass,  bottle  location  within  the  cavity/cage  unit  of  the  module, 
and  surface  configuration  of  the  water.  The  data  were  normalized  to  the 
values  of  total  energy  absorbed  by  the  cavity/cage  unit  and  its  contents. 
"Whole-body"  absorption  dose  rates  and  mean  values  of  the  power  flux 
density^through  the  surface  of  the  water  were  calculated  for  the  values 
of  net  RF  power  fed  into  the  cavity/cage  unit. 


"Normal"  or  "physiological"  saline,  isotonic  with  blood  (9.4  g ot  NaCl 
per  liter  of  water.) 

"Power  flux  density"  is  defined  herein  as  the  ratio  ol  the  rate  of  energy 
entering  an  absorbent  body  to  its  surface  area,  and  is  henceiortli  abbre- 
viated to  "power  density." 
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This  calorimetric  work  was  supplemented  with  a number  of  measurements 
of  absorbed  dosage  and  the  distribution  thereof  in  macaque  carcasses  ir- 
radiated in  the  module,  using  the  sectioning  techniques  developed  at  the 
University  of  Washington  (Seattle),  in  conjunction  with  scanning  infrared 
thermography.  Also,  measurements  of  temperature  variation  with  depth  in 
the  eye  were  attempted  on  an  anesthetized  macaque,  using  a micropipette- 
thermocouple  technique  also  developed  at  the  University  of  Washington. 

For  these  purposes,  the  module  was  transported  to  the  University  of  Wash- 
ington, and  representatives  of  the  U.S.  Air  Force,  Army,  Navy,  University 
of  Washington,  and  SRI  participated.  Discussion  of  this  supplemental  work 
is  not  included  in  this  report.  Instead,  various  aspects  thereof  are  being 
documented  separately  by  the  participating  Service  representatives. 

Subsequent  to  the  completion  of  the  work  on  Phase  I,  12  modules  in- 
corporating a number  of  significant  design  improvements  were  constructed 
by  SRI  as  part  of  Contract  68-02-2248  (SRI  Project  4407),  entitled  "Be- 
havioral and  Electroencephalographic  Responses  of  Squirrel  Monkeys  Exposed 
in  Utero  to  2450-MHz  Electromagnetic  Radiation,"  with  the  Environmental 
Protection  Agency  (EPA) . Calorimetric  measurements  were  performed  with 
these  modules,  using  bottles  of  saline  water  having  masses  approximating 
those  of  squirrel  monkeys  and  saline-filled  rubber  dolls  of  comparable 
size.  In  addition,  the  dolls  were  irradiated  at  various  orientations 
relative  to  tlie  direction  of  the  electric  vector  of  2.45-GHz  plane  waves, 
using  a power  source  and  an  anechoic  chamber  available  at  SRI.  The  re- 
sults of  these  experiments  provided  an  appropriate  form  of  thermal  equiv- 
* 

alence  between  cavity  and  plane-wave  irradiation  levels  for  this  species 


1 


It  should  bo  noted  that,  because  a cavity  provides  omnidirectional  wliole- 
body  irradiation  and  a unidirectional  plane-wave  source  does  not,  widely 
applicable  biological  equivalence  between  the  two  types  ol  irradiation 
would  be  difficult  to  define  unambiguously.  Definitions  of  equivalence 
based  on  biological  endpoints  relevant  to  the  purported  physiological 
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of  primate.  A brief  summary  of  this  work  is  included  in  this  report  be- 
cause we  believe  that  the  concept  and  techniques  used  can  be  adapted  to 
other  animals,  such  as  the  stumptail  macaque. 

In  Section  III  the  development  of  the  prototype  module  is  discussed 
in  detail,  including  the  calorimetric  measurements  with  saline-filled 
bottles.  Also,  significant  improvements  incorporated  in  the  12  modules 
produced  for  the  aforementioned  EPA  program  are  described  where  appro- 
priate . 

Section  IV  embodies  our  conclusions  and  Section  V our  recommendations 
for  future  work  on  cataractogenesis . 


effects  under  investigation  are  appropriate  if  their  implementation  is 
practical.  However,  results  involving  such  definitions  should  bo  ana- 
lyzed critically,  because  it  may  be  possible,  in  some  cases,  to  obtain 
the  same  biological  endpoint  by  different  mechanisms  or  effects  from 
the  two  methods  of  irradiation.  Thermal  equivalence  based  on  the  use 
of  calorimetry  with  a saline-filled  doll  was  taken  to  be  a reasonable 
first  approximation  to  biological  equivalence  for  chronic  irradiation 
of  fetuses  in  utero  in  squirrel  monkeys. 

A 
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Ill  DEVELOPMENTAL  WORK 


A . Preliminary  Microwave  Cavity  Design  and  Performance 

To  obtain  basic  operational  characteristics  of  a multimode,  mode- 
stirred  cavity  having  dimensions  sufficiently  large  to  contain  a cage 
adequate  for  housing  a stumptail  macaque,  a cavity  of  preliminary  design 
was  constructed  and  tested,  without  an  internal  cage.  The  shape  chosen 
for  this  first  cavity  was  cubical,  about  33  inches  on  a side.  Figure  1 
is  a pliotograph  of  this  cavity.  To  distribute  the  microwave  power  enter- 
ing the  cavity  broadly  among  the  various  possible  modes  and  polarizations, 
we  decided  to  feed  the  power  into  one  corner, of  the  cavity,  with  that  body 
diagonal  of  the  cube  as  the  symmetry  axis. 

Most  of  the  tests  at  low  power  levels  discussed  below  were  performed 
with  an  Alfred  Model  605-204  Microwave  Oscillator  and  a Hewlett-Packard 
Model  8410A  Network  Analyzer,  which  has  a polar  impedance  (Smith  chart) 
oscilloscope  display.  Polyethylene  bottles  containing  specified  quanti- 
ties of  0.15  N NaCl  were  used  as  RF  loads  within  the  cavity. 

Two  methods  of  exciting  the  cavity  in  the  manner  described  above  were 
tested.  The  first  entailed  the  use  of  a coaxially  fed  E-field  probe  in- 
serted in  the  corner  in  alignment  with  the  body  diagonal,  and  iiaving  an 
insertion  length  that  could  be  varied  (up  to  about  a quarter  of  a wave- 
length) for  coupling-coefficient  or  impedance-matching  purposes.  In  the 
second  method  a short  section  of  waveguide  with  its  central  longitudinal 
axis  aligned  with  the  body  diagonal  was  used  in  conjunction  witli  a suitable 
impedance-matching  device. 

Tests  of  the  coax ial - probe , cavity-excitation  method  were  performed 
by  sweeping  the  oscillator  tlirough  a frequency  band  from  2.40  to  2.50 
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GHz.  The  results  indicated  that  the  probe  could  not  be  adjusted  to  yield 
acceptable  values  of  voltage  standing -wave  ratio  (VSWR)  unless  an  auxiliary 
matching  device  (e.g.,  a double-stub  tuner)  was  inserted  in  the  line;  even 
with  a double-stub  tuner,  low  VSWR  values  (~  1.1)  could  be  obtained  only 
at  a few  isolated  frequencies,  but  the  "average"  VSWR  over  the  band  could 
not  be  reduced  below  about  2.0.  For  the  waveguide  method  of  cavity  exci- 
tation, we  decided  (for  reasons  discussed  later)  to  use  a waveguide  having 
inner  dimensions  of  2.84  by  1.34  inches.  These  dimensions  are  the  same 
as  for  Type  WR  284  waveguide,  which  is  normally  used  for  the  frequency 
band  2.60-3.95  GHz  but  is  satisfactory  for  2.45  GHz  because  it  has  a cut- 
off frequency  of  2.08  GHz.  For  matching  purposes,  we  inserted  an  E-H 
tuner  in  the  waveguide  at  the  entrance  to  the  cavity.  With  this  arrange- 
ment, we  obtained  excellent  ma tching-- i .e . , a maximum  VSWR  of  about  1.2 
over  the  entire  band  swept.  Based  on  this  result,  we  adopted  this  method 
of  cavity  excitation.  (It  also  appeared  possible  that  the  coaxia 1 -probe 
method  of  cavity  excitation  could  be  improved  to  obtain  satisfactory  per- 
formance, but  this  approach  was  not  pursued  further.) 

Two  forms  of  motor-driven  mode-stirrers  were  tested.  Tlie  better  of 
the  two  is  shown  in  Figure  2.  Basically,  it  consists  of  four  3-by-4  inch 
rectangles  of  brass  sheet  mounted  at  various  angles  relative  to  one  anotlier 
along  the  periphery  of  a dielectric  disc.  A dielectric  dowel  fastened  to 
the  disc  (on  its  axis)  serves  as  the  rotation  shaft,  which  is  brought 
through  a radiopaque  (waveguide-be low-cutof f ) hole  located  near  the  c<-nter 
of  one  of  tlie  side  walls  of  the  cavity.  An  external  variable-speed  moti.)r 
coupled  to  the  protruding  dielectric  shaft  is  used  to  rotate  the  disc. 

To  observe  the  effects  of  mode  stirring,  we  loaded  tlu'  cavity  with  two 


Tiiis  frequency  excursion  allows  about  ,is  many  dilferent  modes  ot  cavity 
reson.ince  to  be  excited  as  would  be  at  a fixed  frequency  but  with  a 
"good"  mode  stirrer  in  operation. 
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10-lb  bottles  of  saline  water,  adjusted  the  E-H  tuner  for  the  lowest  max- 
imum VSWR  while  the  cavity  was  being  excited  at  2.45  GHz  and  the  mode 
stirrer  was  rotating,  and  photographed  the  resulting  variation  of  complex 
input  impedance  displayed  by  the  Model  8410A  Network  Analyzer.  Figure 
3(a)  illustrates  a typical  result.  The  complicated  trajectory  traced  as 
a result  of  the  mode-stirrer  rotation  is  a qualitative  indication  that 
many  modes  are  successively  excited.  It  is  also  significant  that  the 
entire  pattern  of  complex  reflection  coefficient  lies  within  a circle 
corresponding  to  a VSWR  of  about  1.3.  At  this  point,  we  decided  to  per- 
form a preliminary  experiment  to  determine  qualitatively  the  effects  of 
redistributing  the  saline  water  load  within  the  cavity.  For  this  purpose, 
we  attached  a string  to  one  of  the  two  bottles,  passed  the  string  Llirougli 
a small  hole  in  the  top  of  the  cavity,  and  photographed  the  impedance 
pattern  obtained  while  the  bottle  was  being  raised  to  the  top  of  the  cavity. 
This  was  done  with  the  setting  of  the  E-H  tuner  unchanged  and  the  mode 
stirrer  rotating  as  before.  The  resulting  pattern  is  shown  in  Figure  3(h). 
Although  the  pattern  is  far  more  complicated,  most  significant  is  the 
fact  that  the  pattern  is  largely  confined  within  the  circle  corresponding 
to  a VSWR  of  about  1.5. 

Because  E-H  tuners  are  relatively  expensive,  we  investigated  several 
simpler  forms  of  adjustable  matching  device.  One  such  device  consisted 
of  a sliding  inductive  iris  in  close  proximity  (i.e.,  virtually  coplanar) 
with  a similar  capacitive  iris,  both  of  whicli  could  be  adjusted  inde- 
pendently. This  device  operated  well  but  would  have  required  additional 
developmental  work  to  ensure  freedom  from  arcing  .it  points  of  poor  RF 
contact.  Another  device  considered  was  the  adjustable  iris  formed  by 
laterally  translating  one  section  ot  waveguide,  rel.itive  to  an  ad j.icent 
section,  in  a direction  parallel  to  the  broad  walls  tor  inductive  tuning 
and  parallel  to  tlie  narrow  w.i  1 1 s for  capacitive  tuning.  This  type  ot 
device  w;is  not  evaluated  becavise  an  even  simpler  term  ot  .idjuslabli'  iris 
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(a)  WITH  SALINE  WATER  LOAD  IN  FIXED  LOCATION  WITHIN  CAVITY 


Ibl  WHILE  REDISTRIBUTING  SALINE  WATER  LOAD 


FIGURE  3 POLAR  PATTERNS  OF  COMPLEX  IMPEDANCE  OF  CAVITY  AT  2 45  GHz 


proved  satisfactory  and  was  adopted.  In  the  latter  device,  adjustment  is 
effected  by  rotating  one  section  of  waveguide  relative  to  an  adjacent 
section  about  their  common  central  longitudinal  axis.  Unlike  the  pre- 
viously mentioned  devices,  the  rotational  device  has  only  one  adjustable 
parameter,  the  relative  angular  displacement.  However,  adequate  matching 
is  achieved  within  its  angular  adjustment  range.  The  structure  of  this 
iris  is  shown  schematically  in  Figure  4.  The  adjustable  part,  Figure  4(a), 
is  of  1/16-inch-thick  brass  sheet  and  has  the  requisite  2 . 84-by-l . 34- inch 
waveguide  opening.  This  part  is  interposed  between  the  triangular  flat 
section.  Figure  4(b),  and  the  external  waveguide  fecdline.  The  flat  sec- 
tion has  a 3-1/2-inch-diameter  hole  (i.e.,  larger  than  the  diagonal  ol 
the  waveguide  opening)  and  a concentric  array  of  lo  screvv'  holes  for  mount- 
ing the  waveguide  line  at  any  given  fixed  orientation  while  pi’rmitting 
rotation  of  tlie  adjustable  part  to  provide  the  required  iris  opening. 

The  mounting  screws  also  serve  as  perimeter  guides  during  rotation. 

This  first  cavity  was  also  used  to  investigate  a number  of  other 
properties  at  power  levels  comparable  with  or  higher  than  those  to  be 
used  for  monkey  irradiation.  For  convenience  in  performing  such  tests, 
we  used  a Gerling  Moore,  Inc.,  Model  4003/4006  Microwave  Power  .Source 
available  at  SRI,  capable  of  yielding  0 to  2.5  kW  at  2450  s 50  Mllx.  I'his 
system  is  also  equipped  with  the  requisite  bidirectional  coupler  and  an- 
cillary instrumentation  for  measuring  forward  and  rellecti’d  power,  and 
other  accessories  such  as  a water-cooled  load.  A distinctivi'  liuilure  ol 
this  system  is  the  use  of  WR  284  waveguide  dimensions  (2.84  by  1.14 
inches)  for  all  its  microwave  components,  wliereas  the  standard  waveguide 
types  for  2.45  GHz  are  WR  340  (3.40  by  1.70  inches)  and  WR  430  (4.  U)  by 
2.15  inches).  In  addition  to  the  larger  physical  sizes  (.and  hence  higlier 
costs)  of  WR  340  and  WR  430,  components  such  .is  hidirection.il  coupK'rs 
h.iving  tin.'  reijiiired  powe  r-li.ind  1 i ng  cap.ibi  1 i t ies  (~  1 kW)  were  nnobt  .i  i n.ib  1 . 
presumably  bi'cause  the  comnu-rci.il  m.irket  for  such  devices  is  iu'>;  1 i g i b 1 e . 
Accordingly,  we  decided  to  work  with  the  WR  284  dimensions. 
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A preliminary  design  of  a radiopaque  viewing  and  ventilation  window 
was  tested.  We  replaced  a 14-by-30- inch  area  of  the  front  wall  of  the 
cavity  with  a brass  grille  of  2-inch  squares  having  a depth  of  3 inches 
(see  Figure  1).  With  several  watts  of  power  flowing  into  the  cavity,  we 
used  a Narda  Model  8300  omnidirectional  power-density  probe  to  measure 
the  power  density  just  outside  the  window  and  just  within  the  cavity  by 
passing  the  handle  of  the  probe  outward  through  one  of  the  grille  holes. 
The  window  attenuation  (ratio  of  internal  to  external  power  densities) 
was  found  to  be  about  24  dB.  This  value  would  probably  be  satisfactory. 
However,  as  indicated  later,  we  decided  to  adopt  for  the  prototype  a 
grille  size  consisting  of  1-inch  squares,  1-1/2  inches  deep,  having  an 
attenuation  of  about  37  dB . 

B.  Cavity/Cage  Unit 

1 . Cavity,  Mode  Stirrer,  and  Iris 

In  designing  the  prototype  unit,  the  cubical  form  of  cavity 
was  retained,  but  the  sides  were  increased  from  33  to  35  inches  (inter- 
nally) to  accommodate  the  cage  readily  and  to  provide  adequate  room  for 
the  mode  stirrer  and  for  the  use  of  a triangular  flat  section  (Figure  4) 
at  the  microwave -feed  corner.  Figure  5 is  an  internal  view  of  the  proto- 
type cavity,  showing  the  mode  stirrer,  tlie  previously  mentioned  rotation- 
ally  adjustable  iris  at  the  moutli  of  the  waveguide  opening,  and  tiie  di- 
electric tray  for  animal  waste  collection.  The  walls  of  tlie  prototype 
cavity  were  fabricated  from  galvanized-iron  sheet.  However,  it  proved 
more  economical  to  form  the  12  EPA  cavities  by  welding  together  stainless- 
steel  sheets  of  proper  sizes. 

Also  seen  in  Figure  5 are  the  radiopaque  windows  provided  in 
tlie  door  and  top  panel  of  the  cavity.  These  windows  are  ol  1 - inch -square , 
1 - 1 /2- inch-deep  grille  (of  brass  in  the  prototype  and  ol  .iluminum  in  ilu' 
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FIGURE  5 MICROWAVE  CAVITY,  WITH  DOOR  OPEN,  SHOWING  MODE  STIRRER.  IRIS. 
RADIOPAOUE  WINDOWS,  AND  WASTE-COLLECTION  TRAY 
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EPA  modules),  occupying  areas  30  inches  wide  by  24  inches  high  in  the  door 
and  30  by  18  inches  in  the  top  panel.  The  reduction  in  the  grille  size 
(from  2-inch  squares  in  the  initial  cavity)  ensures  that  the  monkey  will 
not  be  able  to  poke  its  arm  through  any  opening;  the  new  size  also  pro- 
vides about  37  dB  of  attenuation.  The  door  is  hinged.  Beryllium-copper 
finger  stock  was  used  initially  along  its  periphery  to  ensure  good  RF 
contact  when  the  door  is  closed.  However,  when  several  fingers  had  broken 
off  through  frequent  use  of  the  door,  it  was  decided  to  replace  the  finger 
stock  with  a suitably  designed  RF  choke  mounted  along  the  entire  perimeter 
of  the  cavity  opening  and  to  use  a pair  of  toggle  clamps  to  ensure  tight 
closing  of  the  door.  After  these  modifications,  RF  leakage  at  the  door 
seal  was  negligible  with  powers  in  excess  of  1 kW  fed  into  the  cavity. 
Additional  modifications  to  the  door  seal,  primarily  in  the  design  of  the 
RF  choke  configuration  to  permit  easier  fabrication,  were  used  in  the  EPA 
modules . 


2 . Dielectric  Cage 

The  dielectric  cage  consists  of  a rectangular  box  internally 
about  26  inches  wide,  30  inches  tall,  and  24  inches  deep,  on  legs  about 
2 inches  high.  Figure  6 is  a photograph  of  this  cage.  The  front  and  top 
panels  of  the  box  are  of  "Fibergra te, " a polyester-resin/fiberglass  ma- 
terial in  grille  form  having  cell  dimensions  of  1 by  4 inches  and  about 
1 inch  deep.  These  panels  provide  adequate  viewing,  illumination,  and 
ventilation  capabilities  (in  conjunction  with  appropriately  designed 
radiopaque  windows  in  the  corresponding  cavity  walls).  The  bottom  panel 
of  the  box  has  this  same  grille  construction,  primarily  to  penult  the 
passage  of  wastes  to  the  removable  dielectric  tray  placed  underneath  the 
cage. 

•k 

Manufactured  by  Fibergrate  Corp..  P.O.  Box  34044,  Dallas,  Texas  75234. 
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The  front  panel  has  a centrally  located  door  (of  the  same  grille 
material,  about  8 inches  wide  and  of  full  cage  height)  that  can  be  raised 
along  a pair  of  dielectric  slide  brackets  to  permit  transfers  of  the  monkey 
for  eye  examinations  or  to  and  from  a holding  cage  during  periodic  cleaning 
and  sterilization  of  the  cavity  and  cage.  The  door  was  designed  in  this 
manner  so  that  the  cage  cannot  be  opened  (by  monkey  or  human)  unless  the 
cage  is  pulled  forward  partially  out  of  the  cavity,  thereby  permitting 
the  holding  cage  to  be  brought  flush  against  the  front  of  the  dielectric 
cage  for  the  transfer. 

The  Fibergrate  material  was  chosen  for  the  structural  members 
described  above  because  of  its  excellent  mechanical  strength,  immediate 
availability  in  grille  form  at  relatively  low  cost,  and  low  RF-loss 
characteristics.  It  was  selected  after  we  had  performed  rapid  semiquanti- 
tative  tests  of  the  RF  absorption  characteristics  of  various  candidate 
materials . 

The  rear  and  two  side  panels  of  the  cage  are  optically  opaque 
sheets,  made  originally  of  polyvinyl  chloride  (PVC)  but  now  of  painted 
Incite.  Lucite  was  chosen  because,  in  preliminary  cage  tests  within  the 
cavity,  the  PVC  tended  to  warm  up  when  the  cavity  was  driven  at  higli 
power  levels  (e.g.,  ~ 1 kW)  for  short  time  periods  (five  to  ten  minutes), 
indicating  that  the  RF  loss  tangent  of  PVC  may  be  too  \iigh  for  a cage  to 
be  used  for  chronic  irradiation. 

I’wo  cylindrical  bars  of  lucite  were  installed  horizontally  across 
the  cage  as  perches. 

No  provision  was  made  for  feeding  soliil  lood  to  Llie  monkey  during 
RF  exposure;  such  food  is  to  be  provided  between  irradiation  periods,  using 
standard  metal  trays  hung  on  the  front  part  of  tlu-  cage  (with  Llu'  cavity 
door  open).  Apparatus  lor  animal  access  to  liquids  (water  or  Tang)  during 
irradiation  (as  well  as  between  irradiation  peric'ds)  w.is  developed.  The 
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liquid  is  dispensed,  from  a bottle  supported  outside  the  cavity,  through 
1ow-RF-1os3  tubing  to  a small  Incite  dish  mounted  within  the  cage.  Sev- 
eral arrangements  for  controlling  the  flow  rates  were  devised  and  tested. 

We  adopted  the  use  of  a timing  circuit  that  actuates  a solenoid  valve  for 
adjustable  predetermined  periods  so  as  to  periodically  dispense  appropriate 
increments  of  liquid.  The  solenoid  is  encased  in  acoustic  insulation  to 
dampen  the  clicks  caused  by  its  actuation.  When  occupancy  of  the  cavity/ 
cage  unit  by  a stumptail  macaque  (without  microwave  power)  revealed  the 
need  to  drain  excess  urine  and  spilled  water  from  the  floor  of  the  cavity, 
one  of  several  simple  methods  for  doing  so  was  implemented. 

Nylon  screws  were  used  to  assemble  the  cage  and  to  mount  any 
other  structural  or  functional  components  within  the  cavity  (such  as  the 
slides  for  the  cage  door,  the  lucite  perch  bars,  and  the  drinking  trough). 

Figure  7 shows  the  cage  set  into  the  cavity.  To  slide  the  cage 
door  open,  the  cage  is  pulled  forward  until  the  door  clears  the  top  of 
the  perimeter  of  the  cavity. 

I i 

To  conserve  laboratory  floor  space,  the  improved  modules  for 
the  EPA  project  were  designed  for  vertical  stacking  in  pairs.  A typical 
pair  of  modules  is  shown  in  Figure  8.  Also,  each  cage  was  divided  into 
two  equal  compartments  to  permit  irradiation  of  two  squirrel  monkeys 
concurrently  in  each  unit.  An  opaque  (painted)  lucite  sheet  was  installed 
vertically,  extending  from  front  to  rear  for  this  purpose,  and  the  central 
door  of  the  cage  was  replaced  witli  a pair  of  similar  doors,  one  on  each 
side  of  tlie  central  partition. 

C . Microwave  Power  Components 

I . Magnetron  and  Power  Supply 

To  perform  exposures  at  various  powc>r  li’vels  as  well  as  to 
permit  feedback  control  at  any  given  power  level,  a microwavi'  source  was 
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FIGURE  7 DIELECTRIC  CAGE  IN  CAVITY 
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needed  whose  output  power  could  be  varied  over  a wide  and  continuous  range 
and  yet  be  relatively  inexpensive.  Magnetrons  fulfill  these  requirements 
well  (hence,  their  wide  usage  in  microwave  ovens).  After  a number  of 
helpful  discussions  with  several  manufacturers  of  microwave  ovens,  notably 
Litton  (both  in  San  Carlos  and  Minneapolis)  and  CJerling  Moore  (Palo  Alto), 
we  found  it  more  economical  to  purchase  a Litton  Model  416  microwave  oven 
and  utilize  many  of  its  components  than  to  buy  the  individual  components 
sepa  ra  te  ly . 

The  magnetron  used  in  the  Model  416  is  a Type  2M53,  which  has 

an  integral  permanent  magnet  and  operates  at  a cathode-to-anode  voltage. 

V , , of  approximately  -4  kV  (with  anode  grounded).  Its  performance  chart, 
CA 

which  is  typical  for  inexpensive  microwave  oven  magnetrons,  is  shown  in 
Figure  9 for  operation  with  unfiltered,  fu 1 1-wa ve- rec L i f ied  ac.  It  is 


OPEFtATING  CONDITIONS 


ANODE  SUPPLY  SINGLE-PHASE,  EULL-WAVE-RECTIEIED. 
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FIGURE  9 TYPICAL  PERFORMANCE  DATA  FOR  TYPE  ?M53  MAGNETRON 
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seen  that  almost  the  entire  output-power  range--i.e.,  800  to  80  W--is 

obtained  for  only  about  a 5-percent  variation  (from  4.0  to  3.8  kV)  of 

peak  V,  (called  "anode  voltage"  in  Figure  9);  thus  magnetron  pi  r forma  nee 
CA 

is  very  sensitive  to  the  value  of  V . 

CA 

Under  full-wave  operation,  the  magnetron  would  be  switched  on 
and  off  each  60-Hz  half  cycle  (i.e.,  120  times  per  second)  at  tlie  voltage 

points  corresponding  to  the  onset  and  cessation  of  oscillation.  However, 
again  primarily  for  economic  reasons,  the  Litton  Model  41b  (as  well  as 
most  microwave  ovens  for  home  use)  utilizes  a half-wave-doubler  circuit-- 
i.e.,  the  magnetron  is  switched  on  and  off  only  bO  times  per  second. 

If  a typical  sinusoidal  high-voltage  transformer  were  used  for 

either  full-wave  or  half-wave  operation,  the  instantaneous  output  power 

during  tlie  magnetron  "on"  periods  would  rise  and  fall  sharply  with  the 

sinusoidal  tops  of  the  rectified  half  cycles  because  of  the  aforementioned 

sensitivity  to  V , and  would  yield  large  peak - to-a ve rage  output  power 
CA 

ratios.  For  this  reason  the  high-voltage  transformers  commonly  used  for 
microwave  ovens  are  of  tlie  for roresonant  kind,  designed  to  yield  magnetic- 
field  saturation  at  higli  current  levels  and  thereby  effectively  "flatten" 
the  sinusoidal  tops  to  a significant  degree.  In  this  way,  the  variation 
of  the  instantaneous  output  power  over  each  rectified  lia  1 f cycle  is  re- 
duced considerably.  Thus,  in  general,  magnetron  operation  under  cither 
full-wave  or  half-wave  rectification  with  a ferroresonant  transformer 
yields  a special  form  of  modulated  con t i nuous -wave  (CW)  power,  with  a 
fundamental  modulation  frequenev  of  120  or  bO  Hz,  respectively. 

We  conducted  operational  tests  Li’  compare  the  half-wave-douliler- 
ferroresonant  circuit  removed  from  tlie  Model  41b  oven  with  a full-wave- 
douhler  circuit,  and  discoveri'd  little,  if  anv.  ti'chnical  superiority 
ti'r  the  latter  to  warrant  its  adoption.  Moreovi’r,  tlu'  compoiu-nts  for  tin 
ha  1 f -wa vi'-doub  1 e r circuit  are  significantly  less  expensive  (since  they  are 


used  in  large  numbers  for  home-use  microwave  ovens).  Concurrently,  we 
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also  considered  magnetron  operation  with  dc  values  of  to  obtain  un- 

modulated CW.  However,  most  magnetrons  are  not  designed  for  dc  operation 
and  would  be  subject  to  the  possibility  of  gradual  electron  emission 
buildup  and  runaway  (i.e.,  at  the  end  hats)  if  operated  in  this  manner. 
(Special-purpose  magnetrons  having  platinum  end  hats  to  minimize  emission 
therefrom  have  been  developed  but  are  quite  expensive.)  In  addition,  we 
considered  magnetron  operation  with  multiphase  power  supplies  (e.g.,  with 
a 12-phase,  60-Hz  rectifier)  and  found  it  prohibitively  expensive.  Fi- 
nally, we  decided  that  from  the  viewpoint  of  thermal  effects  on  tissues, 
operation  under  modulated  CW  conditions  would  differ  insignificantly  from 
unmodula ted -CW  operation  because  the  thermal  time  constants  of  macro- 
scopic tissues  or  organs  such  as  the  eye  are  much  larger  than  the  1/bO- 
second  periods  corresponding  to  60-Hz  modulated-CW  operation.  Conse- 
quently, wo  decided  to  use  the  ferroresonant  half-wave-doubler  circuit 
from  the  Model  416  oven.  It  should  be  emphasized,  however,  that  we  are 
aware  tliat  nonthermal  biological  effects  from  the  use  of  modulated  CW 
have  been  postulated,  and  that  this  point  will  be  fully  considered  in 
analyzing  the  results  to  be  obtained  in  subsequent  pliases  of  Llie  cataracto- 
genesis  investigation. 


2 . RF  Components 

As  indicated  earlier,  tlie  una  va  i I a tii  1 i ty  of  "o  1 f - I lu- site  1 1 " 
components  or  the  liigli  cost  of  I'speciallv  dosigru'd  ci'mponents  in  WK  140 
waveguide  size  (internal  transverse  dimensions  J . 40  by  1.70  indies')  sm  h 
as  I)  i d i ri‘c  t iona  1 coupli-rs,  ferrite  c i nii  1 a t o rs  . bends,  tees,  ,nul  Ilexil'lt 
sections,  led  us  to  adopt,  pro  v i s iona  I 1 v , tlie  Iv'K  2H4  waveguidi-  sizi'  t in- 
ternal transversi.'  dimonsii'ns  2 . H4  by  1 . i-t  inclus).  ihus,  the  assemlilv 
of  the  WK  284  microwave  compcuients  shown  in  Fiv’.ure  10  was  used  foi  pei- 
torming  nuiny  ol  tlu'  tests  with  the  proti'tvpe  module.  Hu  t 1 1 d directlv  to 
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FIGURE  10  PHOTO  OF  MODULE  WITH  INTEGRAL  MICROWAVE  POWER  UNIT 


the  magnetron  waveguide  launching  section  (which  is  not  visible  in  this 
view  but  is  discussed  below)  are:  a Merrimac  Industries  Model  FCW-1521 

ferrite  circulator  with  its  side  port  terminated  in  a high-power  RF  load, 
a Cerling  Moore  bidirectional  coupler,  a U-shaped  il-plane  bend  (two  90° 
bends  butted  together),  another  Cerling  Moore  bidirectional  coupler,  and 
a flexible  section  of  waveguide  that  connects  the  second  bidirectional 
coupler  to  the  RF  entrance  of  the  cavity  (through  the  adjustable  iris). 

Crystal  detectors  are  connected  to  the  auxiliary  ovitput  ports 
of  one  of  the  bidirectional  couplers  for  measuring  forward  and  reflected 
power  values  when  properly  calibrated.  The  other  bidirectional  coupler 
proved  useful  in  performing  the  calibrations,  as  described  later. 

In  the  Model  416  oven,  the  output  probe  (and  surrounding  gl.iss 
dome)  of  the  2M53  magnetron  is  inserted  in  a WR  340  size  waveguidi.'  launch- 
ing section  of  proper  design.  We  gave  some  consideration  to  designing  a 
launching  section  in  WR  284  size,  but  decided  that  it  would  be  more  t,c<'- 
nomica 1 in  cost  and  time  to  utilize  the  larger  WR  340  launcliing  section 
from  the  oven  and  to  fabricate  a simple  transition  section  betwi-en  the 
two  waveguide  sizes.  However,  a simple  RF  test  indicated  lluit  if  the 
WR  340  Launching  section  is  merely  butted  directly  to  .i  section  of  WK  284 
waveguide  terminated  in  a matched  Load,  the  magnetron  would  "see"  a VSV\'R 
value  well  below  the  maximum  permitted  by  the  magnetron  spec i 1 i ca I i ons . 
Thus,  no  tr.insition  section  was  used  in  the  prototype. 

In  subsequently  producing  tlu'  12  mi'dules  for  llu-  KF.\  proji'ct, 
expensive  coirenerci.il  components  such  as  the  ferrite  c i rcu  l.i  to  r , the  t w<> 
bidirectional  couplers,  and  the  high-powiT  lo.id  were  not  used.  Inste.id, 
it  proveil  more  economical  to  design  .md  t.iliricate  .it  SRI  the  lu'iess.i  i v 
RF  ciirnpoiu'ii ! s in  WR  340  w.ivi’guide  size,  including  tlu  b i d i tec  t i on.i  1 
coupler,  .iiul  ti'  c'mit  the  circul.itor  .ind  loail.  Figure  11  shows  tlu  w.ivi  - 
guiiK'  .issembly  ot  otu’  ol  those  iiH'diiles. 


FIGURE  11  HI  DHIVI  WAVIGUIDI  ASSIMBLY  AND  CONTROL  CIRCUITRY  BOX 


3 . Control  Circuitry 

The  method  implemented  for  setting  the  mean  output  power  level 
of  the  magnetron  to  any  desired  value  is  phase-angle  variation.  Recall 
that  with  the  half-wave-doubler  power  supply,  the  magnetron  is  turned  on 
once  during  each  60-Hz  period  for  a time  interval  somewhat  shorter  than 
half  a period  or  1/120  second.  In  the  absence  of  any  control  circuitry, 
the  mean  RF  power  (per  period)  would  constitute  tlie  full-power  capabili- 
ties of  the  specific  magnetron  and  power  supply  used.  Rliase-angle  vari- 
ation is  a technique  for  shortening  the  duration  of  tlie  "on"  perii'ds  by 
any  desired  amount  without  significantly  affecting  tlie  peak  high  voltagi 
applied  to  the  nugnetron.  In  essence,  the  periods  are  shortened  by  de- 
laying the  time  (increasing  the  phase  angle)  to  tlie  onset  of  magnetron 
oscillation.  This  technique  permits  setting  the  output  power  level  to 
essentially  any  value  within  the  range  from  full  power  to  zero. 

Another  function  required  of  the  control  circuitry  is  to  hold 
constant  the  net  power  flow  into  the  cavity  and  its  contents  after  set- 
ting the  phase-angle  control  to  yield  the  desired  level.  I'liis  function 
is  particularly  important  for  investigations  entailing  irradiations  of 
animals  over  long  periods  of  time,  because  free  movements  of  an  animal 
within  a unit,  as  well  as  spurious  factors  such  as  line-voltage  varia- 
tions, could  otherwise  alter  the  dose  rate  and  total  dose  significantly. 

Various  circuits  for  implementing  power-level  setting  by  ph.isc- 
angle  adjustment  have  been  devised,  including  inexpensive  light  dimmirs 
for  home  use.  However,  inco  rpo  ra  t ion  of  the  pi'wer-ho  1 d i ng  function  dis- 
cussed above  required  tlu'  design  of  a special  leedliack  circuit  tli.it  would 

sense  any  change  in  tlie  preset  RK  level  and  .liter  tlu-  ph.ise-angle  so  .is 
to  restore  tile  KF  level.  Uu  r initial  inti-nt  w.i  s to  ilesign  ,i  circuit  th.it 

wi'uld  form  the  difference  between  the  I'utput  sign.ils  1 rom  the  lorw.ird- 

and  re  f 1 ec  t ed  - powe  r crystal  di-tectors  on  tlu-  b i d i lu-c  t i on.i  I coupler  .in<l 
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apply  this  difference  signal  through  a feedback  loop  to  vary  the  phase 
angle  so  as  to  keep  any  preset  net  (forward  minus  reflected)  RF  power 
flow  into  the  cavity  constant.  However,  the  RF  loading  of  the  cavity  by 
the  presence  of  the  cage  (both  with  and  without  bottles  of  saline  water 
inside  the  cage)  proved  to  be  such  that  the  ref lected-power  values  never 
exceeded  about  3 percent  of  the  forward  power;  consequently,  variations 
of  reflected  power  could  be  Ignored,  with  negligible  error.  Thus,  in 
the  control  unit  implemented,  a detector  signal  proportional  to  only  the 
forward-power  level  is  used  for  feedback  control. 

A block  diagram  of  the  control  unit  devised  is  presented  in 
Figure  12.  The  magnetron  waveguide  launcliing  section  is  shown  connected 
to  the  bidirectional  coupler.  The  direct  RF  throughput  port  of  the 
coupler  feeds  the  cavity  through  the  previously  described  adjustable  iris 
A Hewlett-Packard  (HP)  Type  420  crystal  detector  is  connected,  through  a 
10-dB  coaxial  pad,  to  the  forward-power  output  port  of  the  bidirectional 
coupler,  and  the  output  of  the  detector  is  fed  to  a 200  X gain  opera- 
tional amplifier,  which  in  turn  is  connected  to  the  forward-power  indica- 
tor. This  indicator  consists  of  a 100-iaA  dc  meter  and  an  adjustable  two- 
range  resistor  network  for  rendering  the  meter  direct-reading  at  I kW  and 
100  W full-scale.  The  output  signal  of  the  operational  amplifier  is  also 
fed  to  one  input  terminal  of  a 10  X gain  difference  amplifier,  and  an  ad- 
justable dc-reference  voltage  is  applied  to  tlie  otlier  input  terminal  of 
the  difference  amplifier.  Huis,  the  output  signal  from  the  dilfcrence 
amplifier  is  essentially  proportional  to  the  differenci’  betwoi'n  tlu  de- 
ticted  forward-power  U'Vel  and  the  refi'ronce  levi-1.  this  differmice  sig- 
nal is  fed  ti'  a Vectrol  "Phasetrol"  SCR  Cate  Driver  .Model  VPH  500')-115-lA 
tlierebv  controlling  the  turn-on  instant  or  phase  angle  (during  each  ()0-llz 
cycle)  of  .1  thyristi'r  ci'mprisi'd  of  a pair  of  Ceneral  Fleet  ric  I'ype  (’2301) 
silicon  control  1 I'd  rectiliers  (SCRs).  The  SCRs  art'  in  series  with  t he 
prim.iry  of  the  high-voltage  transformer  for  the  magnetron,  st'  th.it  this 


circuit  controls  the  duration  of  the  magnetron  "on"  periods,  as  dis- 
cussed previously. 

In  operation,  the  dc-reference  level  is  adjusted  with  a po- 
tentiometer, denoted  the  "Power  Set"  control,  until  the  desired  value  of 
forward  power  is  obtained,  as  indicated  by  the  forward-power  meter.  Any 
subsequent  spurious  departure  from  this  RF  power  value  then  results  in  a 
corresponding  change  in  the  output  signal  from  the  difference  amplifier, 
automatically  yielding  a corrective  adjustment  of  the  phase-angle  shift 
and  hence  a compensative  change  in  the  RF  output  of  the  magnetron. 

The  metering  circuit  for  indicating  ref lec ted -power  values  is 
similar  to  that  for  forward-power  readings  but  without  the  feedback  loop. 
Thus,  the  required  value  of  net  power  is  obtained  by  adjusting  the  Power 
Set  control  so  that  the  forward-power  reading  is  higher  than  the  net 
value  by  the  amount  indicated  by  the  ref lected-power  meter. 

The  control  circuitry  box  (with  protective  cover  removed)  of 
one  of  the  EPA  modules  is  shown  in  Figure  11.  Figure  13  shows  the  con- 
trol panel  of  this  module.  In  addition  to  the  forward-  and  reflected- 
power  meters  and  the  Power  Set  control,  the  panel  includes;  a timer  to 
permit  operation  of  the  module  for  predetermined  time  periods  tliat  can 
be  terminated  by  automatic  shutoff;  an  elapsed-time  meter  to  record  cumu- 
lative operational  duration;  and  the  requisite  switches  and  function- 
indicating  lights  for  Power  On,  Standby  (ac  power  on,  but  not  RF) , and 
Microwave  Power  On.  Tlie  control  circuitry  also  includes  an  automatic 
eight-second  time-delay  relay  to  allow  the  imignetron  filament  to  warm  up 
sufficiently  prior  to  tlie  application  of  tlie  high  voltagi',  and  an  inter- 
lock switch  on  the  door  of  the  cavity,  mounted  so  that  opi.‘ning  tlie  door 
shuts  off  tlie  magnetron  power  and  operator  action  is  required  to  restore 
power  after  the  door  has  been  reclosed. 
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FIGURE  13  CONTROL  PANEL  OF  AN  EXPOSURE  MODULE 


RF  Power  Ca Libra tion  Procedure 


For  economic  reasons  related  to  the  costs  of  future  modules, 
the  decision  was  made  early  in  the  program  to  use  crystal  detectors  at 
the  auxiliary  output  ports  of  the  bidirectional  coupler  for  measuring 
forward  and  reflected  powers,  and  to  calibrate  these  detectors  and  as- 
sociated metering  circuits  by  using  a precision  RF  power  meter  such  as 
the  HP  Model  432  as  the  reference  standard.  A substitutional  teclinique 
based  on  the  use  of  two  bidirectional  couplers,  as  shown  in  Figure  10, 
proved  convenient  in  calibrating  the  prototype  module.  One  bidirectional 
coupler  was  purchased  without  crystal  detectors  or  other  RF  power  sensors 
to  permit  the  use  of  an  HP  Model  432  power  meter  equipped  with  an  HP 
Model  8478b  bolometer;  it  will  be  called  the  "primary"  coupler  for  tlie 
purposes  of  this  discussion.  The  other  bidirectional  coupler,  denoted 
the  "secondary"  coupler,  was  a unit  removed  temporarily  from  SKl's  t'.erling 
Moore  Model  4003/4006  Microwave  Power  Source.  It  is  similar  to  the  pri- 
mary coupler  but  has  integral  crystal  detectors  that  luid  been  calibrated 
in  conjunction  with  the  side-by-side  pair  of  meters  seen  in  Figure  10. 

First,  the  HP  T’ype  420  crystal  detector  (and  its  metering  circuit  and 
feedback  loop,  described  in  the  previous  subsection)  was  disconnected 
from  the  forward-power  output  port  of  tlie  primary  coupler  and  the  HP 
bolometer  and  power  meter  were  substituted.  Also,  a digital  voltmeter 
(DVM)  was  connected  to  the  forward-power  output  port  (integral  crystal 
detector)  of  the  secondary  coupler.  The  RF  power  w.is  set  to  predelermimd 
"true"  values  as  indicated  on  the  432  meter,  and  the  corresponding  readings 
of  the  DVM  (in  convenient  arbitrary-scale  units)  were  recordi’d.  TIu  HP  *20 
cryst.il  det(,'ctor  and  associated  circnitrv  were  then  subst  i tut  id  lor  tin 
bolometi-r  and  power  meter,  and  the  forward-power  panel-meter  re.iding 
corresponding  to  the  DVM  value  was  noted.  This  pianednre  piTmilted  plol- 
l i ng  .!  grajih  of  panel-meter  riadings  as  a function  I'f  "true"  lorw.ird- 
poWiT  v.ilues. 
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A similar  technique  was  used  tor  calibrating  the  reflected- 
power  panel  meter.  However,  with  about  600  W of  forward  power  fed  into 
the  cavity/cage  unit,  the  reflected  power  did  not  exceed  about  20  W.  To 

obtain  a calibration  over  the  range  from  0 to  100  W,  recourse  was  had  to 

removal  of  the  cage,  i.e.,  essentially  unloading  the  cavity  and  thereby 
increasing  the  reflection  coefficient. 

D . Probe  Measurements  Within  a Cavity 

F-^arly  in  tlie  program  we  attempted  to  determine  what  variations  of 
power  density  would  be  obtained  at  a fixed  location  relative  to  the  sur- 
face of  a bottle  of  saline  water  when  the  bottle  is  displaced  to  various 
positions  within  the  cavity,  under  conditions  of  constant  net  power  flow 
into  the  cavity.  The  values  of  the  ratio  of  power  density  to  net  power 

flow  would  ttien  provide  a first  approximation  to  the  relationship  between 

these  two  quantities,  and  the  spatial  variation  of  this  ratio  with  bottle 
location  would  provide  an  initial  assessment  of  dose-rate  variation  with 
position  for  a monkey. 

For  this  purpose  we  had  planned  to  mount  a suitable  (i.e.,  nonper- 
turbing) RF  probe  at  a fixed  location  on  the  bottle  and  to  shift  the  as- 
sembly to  appropriate  locations  within  tlie  cavitv.  However,  we  found 
that  we  were  severely  hampered  by  the  lack  of  adequate  commercial  instru- 
mentation. Although  a Narda  Model  8300  omti  i d i rec  L iona  I probe  was  avail- 
able. We  learned  that  sucli  probes  are  equippi-d  with  lu'iipi.’ r tu rb i ng  liigh- 
ri'sistance  leatls  (60  kO/ft)  that  v-xteiul  onlv  P-1/2  inclu's  into  the  handle, 
as  measured  from  tlu'  center  ot  the  splu  in.'  surrounding  tiu  sensor.  At 
this  point  within  tlu‘  handle,  the  leads  .ire  joinetl  ti'  ci’nveiU  i ona  1 con- 
ducting leads.  Consequently,  we  could  probe  only  a ii'gion  within  tlu 
cavity  lying  a short  distance  from  tlu  tront  radiopaque  window.  i'lu  lu - 


tiTi',  We  devisL'd  a relativi-ly  simpli'  probe  consisting  of  three  mutual  Iv 


perpendicular,  thin-wire  dipoles,  each  much  shorter  Chan  a half  wavelength 
and  exciting  a Type  1N4454  diode.  The  three  diodes  were  connected  in 
series  (for  dc  purposes  only)  by  high-resistance  (20  kfl/fc)  leads,  and 
a long  pair  of  the  same  kind  of  leads  was  used  for  connecting  the  en- 
semble to  an  external  load  of  2 MO,  a value  much  liigher  than  the  renuiin- 
ing  resistance  in  Che  circuit.  Thus  the  rectified  current  generated  by 
this  RF  sensor  would  yield  a voltage  output  across  the  load  tliat  is 
virtually  independent  of  the  lead  lengths.  Also,  since  the  currents 
flowing  through  the  diodes  would  bo  very  small,  a square-law  response 
would  be  assured. 

The  sensitivity  and  effective  omnidirectionality  of  this  probe  were 
investigated  by  using  the  microwave  field  at  the  mouth  of  a waveguide 
horn  having  a taper  from  2.84  by  1.34  inches  to  8 by  b indies  at  tlie 
mouth  and  excited  at  the  narrow  end  with  2.45-CHz  power.  (The  electric- 
field  vectors  at  the  mouth  of  such  a horn  are  essentially  parallel  to 
the  narrow  dimensions.) 

With  the  probe  at  a fixed  angul;ir  orientation  in  the  h.orn  imnith, 
moa su renu'ii t s of  the  output  voltage  across  tlu‘  2-Ma  load  versus  ttie  read- 
ings of  tlie  Nartia  8300  iir>ter  over  a suitable  range  of  power  levels 
yielded  a substantially  linear  plot,  indicating  expected  square-law  opera,- 
t ion  of  the  diodes.  However,  the  prolie  was  found  to  have  a significant 
degree  of  an i so t ropy- - i . e . , at  a fixed  power  level,  rotatiim  of  ttu'  probe 
(about  its  geometric  center')  yielded  a ratio  of  aln'ut  l.fi;!  bi'tween  maxi- 
mum and  minimum  readings.  Neve  rtlie  less . .after  some  minor  i mpro  veiiuni  t s . 

We  proceedetl  with  the  mea sunmien t of  spati.il  v. iri.it  ions  of  power  d.  iisity 
witliin  the  cavity.  Although  ri-peat.able  d.it.i  weii-  oli  L.i  i na  b 1 1- , tlu  inter- 
pret.it  ion  of  such  data  proved  ilitficult  because  ot  I lu'  iiiesenci  ol 
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multiple  reflections  between  the  bottle  of  water  and  the  cavity  walls 
and  the  changes  in  such  multiple  reflections  witli  bottle  position  in  the 
cavity.  In  fact,  the  results  led  us  to  question  the  validity  of  regard- 
ing dipole-probe  measurements  close  to  a surface  as  adequately  represent- 
ing the  power  density  values  at  that  surface.  Therefore,  this  line  of 
investigation  was  dropped,  and  the  calorimetric  measurements  discussed 
below  were  performed. 


h . Ca  lo  r i me  t r i c Mea  s u r erne  n t s 

As  was  done  in  taking  the  probe  measurements  above,  po lye  thy  U-ne 
bottles  loaded  Vv/ith  predetermined  quantities  (by  weiglili  of  0.15  N NaCl 
solution  were  used  us  first  approximations  of  tlii“  KF  loads  presenii'd  by 
monkeys.  For  convenience,  the  bottles  used  were  cylindrical  and  of 
several  radii,  and  tlie  desired  water  lieiglit- to- rad  ius  ratios  were  oli- 
tained  tiy  filling  tlie  bottles  to  the  requisite  levels. 

TTie  calorimetric  teclinique  entailed  measurements  of  water  tempera- 

turi‘  with  a rapid-response  thermometer  (a  Yellow  Springs  Instruments  (YSI) 

Model  42  SC  T'ele- Thermometer  I immediately  before  and  after  driving  the 

cavity  with  a specified  value  of  net  input  power,  I’,  for  a specific  timi' 

interval,  t (equivalent  to  feeding  a total  em.’rgy  F = I’t  into  tlu'  cavitvl. 

dust  prior  to  measuring  water  tem[U'rature  (i.i'.,  immediati'ly  betore  and 

after  a power  run),  each  bottle  was  agitated  (juickly  to  ecpiilibrate  its 

content.:.  To  minimize  tliermal  tosses  during  the  power  runs,  each  bottle 

Vvias  enclosed  entirely  in  2-inch-thick  styrofoam.  ITu'  timiperature  ris>  . 

. and  the  water  mass,  M , in  each  bottK-  were  then  used  to  calculate 

w 

1.  . the  energv  al)sorbed  by  the  water,  .ind  K /I,  t lu  traction  I't  the  ti'tal 
w ' ■ w 

input  eiu  ri’.v  this  constituted.  The  value  ol  I’  F /t  tor  each  bottli-  ot 

w w 

water  used  in  any  run  was  taken  to  ri’prisent  its  "wlu>le-body  .ibsorptii'n 
dose  rate”  lor  that  run. 
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Although  this  calorimetric  method  cannot  provide  any  information 

about  variations  of  power  density  over  the  surface  of  a bottle  of  water, 

the  use  of  bottles  of  simple  geometry  (e.g.,  cylindrical)  permitted  the 

calculation  of  the  mean  power  density,  F , defined  by  P/S  (=  E /tS), 

w ■ w 

where  S is  the  surface  area  of  the  water.  Also,  tlie  ratio  can  be  calcu- 
lated for  each  value  of  water  mass,  M , to  obtain  estimates  of  the  values 

w 

of  P required  to  obtain  predetermined  values  of  F . 

w 

For  some  of  the  calorimetric  runs,  particularly  those  performed 
during  the  earlier  part  of  the  program,  tiie  Gerling  Moore  .Model  4003/400b 
.Microwave  Power  Source  was  used  to  drive  tlie  cavity.  For  Llie  remainder 
of  the  runs,  tiie  integral  2M53  magnetron  power  source  of  the  prototype 
module  was  used.  Usually,  the  Gerling  Moore  unit  was  used  to  obtain 
power  values  of  1 kW  and  higher,  and  ttie  integral  magnetron  unit  was  used 
for  lower  power  values;  in  either  case,  tlte  run  durations  were  usually 
chosen  to  yield  water  temperature  rises  ( \6)  of  about  10°C  or  more.  fluis 
the  experimental  error  of  this  calorimetric  technique  is  estimated  to  t>e 
equivalent  to  about  0.5°G  in  ^9  and  hence  about  5 pircent  for  \'alues 
of  10°C  or  larger. 

in  some  of  the  runs,  single  bottles  were  used;  in  others,  tv%ro  lioLtli' 
constituted  the  load.  In  both  types  of  runs,  placemint  of  the  bottles 
was  varii'd  to  assess  the  effect  of  load  location  and  distribution  within 
till'  moduli.'.  Tile  important  ri'Sulls  of  all  these  runs  ar«.'  discussed  below. 

I . Huns  Without  Gagi'  (Radiopaque  W i ndows  H 1 ocked  1 
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the  base  of  the  bottfe  eight  inches  above  the  cavity  floor.  The  results 
were  surprising  in  that  only  about  80  percent  of  the  input  energy  was  ab- 
sorbed by  the  water,  i.e.,  the  cavity  losses  appeared  to  be  much  higher 
than  expected.  Leakage  radiation  through  the  radiopaque  windows  was 
hypothesized,  but  probing  the  outside  of  the  windows  with  a Narda  Micro- 
wave  Radiation  Monitor  did  not  appear  to  yield  any  significant  power 
transmission.  However,  it  was  soon  discovered  that  the  windows,  particu- 
larly the  top  one,  became  quite  warm  to  the  touch  during  a run.  (This 
fact  was  later  confirmed  by  placing  encapsulated  liquid  crystal  sheets 
in  contact  with  the  windows.)  The  significant  RF  power  absorption  caus- 
ing such  heating  was  indicative  of  faulty  window  construction.  As  stated 
earlier,  these  windows  are  of  1-incli-square.  1-1/2-inch-deep  brass  grille, 
occupying  areas  30  inches  wide  by  24  inches  high  in  the  door,  and  30 
inches  by  18  inches  in  the  top  panel  of  the  cavity.  Thi'y  were  fabricated 
by  cutting  3/4- inch -deep  notches  into  1 - 1/4- i nch-w ide  brass  strips  at 
1-inch  intervals  and  assembling  strips  of  prc'per  length  to  form  the  grille. 
To  ensure  good  RF  contact  at  the  corners  of  the  squares,  a nontoxic  solder 
paste  having  a melting  temperature  of  430°F  was  brushed  onto  each  joint 
and  the  grille  was  heated  to  480°F  f(ir  30  minutes.  However,  from  the 
results  above,  it  was  evident  that  this  soldering  process  was  unsatis- 
factory and  that  the  windows  would  require  repair.  To  provide  base  data 
for  de  I L’ rm  in  i ng  window  quality  after  repair,  we  then  blocked  tlie  windows 
temporarily  with  metal  shiw'ts  and  proceeded  with  the  calorimetric  runs. 

Seven  runs  weri'  made  with  the  radiopaque  windows  blocked  and 
with  the  cage  not  installed.  For  Run  1,  a singW'  bottle  containing  i.57 
kg  of  water  was  placed  at  the  center  i' f the  cavitv.  8 inches  above  t lie 
floor  (as  beforel,  and  l.O  kW  (net)  was  led  into  the  eavitv  tor  5 minutes. 
Run  2 was  similar  except  that  a bottle  containing  the  s.ime  quantity  w.is 
plaied  at  the  same  height  near  tiu-  left-1  tout  conu'r  ot  t lu  cavity  (di.ig,- 
on.i  I 1 V opi'osite  the  RF  input--si'i'  Figure  31,  and  the  ln'tlle  in  the  eentei 
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was  removed.  Run  3 was  similar  to  Run  1 except  for  the  use  of  4.15  kg 
of  water  (a  bottle  of  the  same  radius  but  filled  to  a height  of  22.9  cm) 
and  an  input  power  of  0.9  kW.  Run  4 was  again  similar  to  Run  1 except 
for  the  still  larger  quantity  of  water  (4.36  kg,  lieiglit  24.0  cm)  and  the 
higher  input  power  (1.9  kW)  used.  In  Runs  5 and  6,  two  bottles  of  tlie 
same  radius,  each  containing  3.57  kg  of  water,  were  used  to  ascertain  the 
effects  of  varying  the  spatial  distribution  of  water.  for  Run  5,  the  two 
bottles  were  placed  together  at  the  center  of  tlie  cavity  at  die  same  height 
and  aligned  approximately  with  the  direction  of  the  RF  feed;  in  Run  6,  the 
two  bottles  were  widely  spaced,  one  near  tlie  left  front  (diagonally  op- 
posite the  RF  input)  and  the  other  near  the  left  rear  of  the  cavity. 

Run  7 was  similar  to  Run  5 except  for  the  use  of  4.15  kg  of  water  in 
each  bottle. 

Table  1 shows  the  results  of  these  seven  runs,  listed  in  order 

of  increasing  water  mass.  The  values  of  the  fractional  energy,  K /K, 

w 

absorbed  by  the  water  indicate  that  tlie  run-to-run  variations  were  small 
and  within  the  limits  of  the  estimated  experimental  error.  Nevertheless, 
we  examined  the  data  for  trends  but  could  not  discern  a definite  or  con- 
sistent dependence  of  these  variations  on  water  mass.  Spi'c  i f ica  1 1 v , the 

variations  of  F /E  with  M were  not  monotonic  for  the  single-bottle  runs, 
w w 

for  the  two-bottle  runs,  or  for  both  sets  of  runs  consiiK'red  as  a single 

group.  Also,  there  was  no  discernible  relationship  between  E /E  varia- 

w 

tions  and  bottle  placement;  Runs  1 and  2,  diffi'ring  only  in  the  locatiiui 

of  the  single  bottle  used,  yielded  essentially  the  same  value.  In  Run  5 

with  two  bottles,  bottle  A,  which  was  closiT  to  the  RF  input  than  bottle  b. 

exhibiti’d  a larger  temperature  rise  and  hence  a larger  value  ot  F /I  than 

w 

bottle  b,  whereas  the  converse  was  true  for  bottles  E and  F in  Run  7, 

which  diflered  from  Run  5 only  in  tlu'  quantity  ('f  water  used.  Fi'r  all 

thesi'  ri'asons,  we  concluded  that  the  run-to-run  variatiiuis  of  E /K  were 

w 

I’ssentiallv  randi'm.  The  meait  v.i  1 ue  ol  E /E  fi'i'  theSi'  seven  runs  was  0.H7 

w 


Table 


with  a standard  deviation  of  0.03.  In.sensitivity  of  K /E  to  water  mass 

w 

and  bottle  location  would  be  expected  when  the  water  is  the  primary  RF 
load  within  the  cavity,  which  was  true  in  each  of  these  cases. 

If  the  same  value  of  input  power  were  used  in  all  tlie  runs, 

tlien  one  would  expect  that  the  values  of  mean  power  density,  F , would 

w 

decrease  with  increasing  water  mass,  M . Since  the  values  of  I’  used  in 

w 

Runs  3 and  4 were  different  from  those  used  in  the  otlier  runs,  we  normal- 
ized ttie  values  of  F to  their  respective  levels  of  P. 
w 

For  cylindrical  bottles,  it  is  easy  to  show  tiiat  the  surface 
area,  S,  of  the  water  within  is  given  by 

S = lr<r^  + 2M  /Dr  , (1) 

w 


where  D is  the  density  of  water  (about  1 g/cm  ) and  r is  Llie  radius  of 

tlie  cylinder.  It  tt\en  follovs  tliat  the  relationship  between  '’/F^  (or 

F /P)  and  M is 
w w 


_P_ 

F 

w 


E 

w 
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I'he  second  re  la  t ionstiip  shows  ttiat  for  constant  values  of  E/E  and  lor 

w 

bottles  of  fixed  radius,  r (7.5  cm  in  tlu'Se  runs),  I’/F  slunild  be  lin- 

w 

early  relati'd  to  M (wtiere  tlie  range  of  M values  is  olitained  liv  varving 
w w ' ' 

tile  iieiglit  of  the  water  in  tiie  bottle).  A plot  of  the  experimental  values 
I'f  P/F  as  a functii'n  of  M for  tlu-se  seven  runs  is  given  in  1-  ;uri'  14 


w w 

(circled  points),  through  which  a straight  line  can  lu'  passeil,  to  within 

the  expi‘ r imen  ta  I error.  (It  shouUl  be  lU'ted,  however,  lh.it  foj  v.iri.itions 

of  M bv  trill'  sea  I i ng- - i . e . , bv  increasing  all  dimensions  ot  the  holtle  bv 
w ■ 

2/  ) 

the  same  amount  irrespective  of  its  shapi — P/F  won  1 d vary  as  ,M  .' 

w w 


W/cm 


2 POINTS  (Runs  3 rind  8) 


2 POINTS  (Huns  1 arm  2) 


O RUNS  1-7,  WITHOUT  CAGE  BOTH  RADIOPAQUE  WINDOWS  BLOCKED 
A RUNS  8-10.  WITHOUT  CAGE,  FRONT  RADIOPAQUE  WINDOW  UNBLOCKED 
D BUNS  11-15,  WITH  CAGE,  BOTH  RADIOPAQUE  WINDOWS  UNBLOCKED 


SA  3b72  11 


FIGURE  14  P/Fy^,  AS  A FUNCTION  OF 


2.  Kilns  WithouL  Cokl’  ( Kod  iopacnio  Windows  I'nh  lockod  1 


Eacli  radiopaqiii'  window  was  ropairod  by  powiT  sand  in, n tlio  grilU- 
along  its  inside  plane  (ri'lative  lo  tlu  cav'iLv)  and  siildering  isieli  intir- 
seetion  individually  with  rosin-cori'  (i0/h0  (Sn/Pb'l  sold.  r.  W.  Lhen  iiuute 
seviTal  runs  without  the  cage  installed.  tirsL  with  i>n  I v the  t'ront  windiiw 
unblocked  and  then  with  botli  windi'ws  unblocki'd. 

I'abli'  2 shows  the  results  tor  Runs  H,  R,  and  10.  taki-n  with 
i'll  1 V the  front  window  unblocki'd.  Run  8 was  similar  to  Run  I ( fi'r  which 


both  windows  were  blocked)  and  the  results  were  essentially  the  same 


Also,  the  window  remained  cool,  indicating  that  its  repair  was  successful. 

Runs  9 and  10  were  then  performed  to  ascertain  the  effects  of  using  two 

bottles,  one  having  half  the  quantity  of  water  in  the  otlier  bottle.  For 

Run  9 the  bottles  were  placed  in  the  center  of  the  cavity  along  the  RF 

feed-diagonal  (as  before),  with  the  bottle  having  the  larger  amount  of 

water  (G)  closer  to  the  RF  input.  In  Run  10  the  two  bottles  were  widely 

spaced,  with  the  smaller  bottle  (L)  near  the  left-front  corner  (diagonally 

opposite  the  RF  input)  and  the  larger  bottle  (K)  near  the  left-rear  corner. 

The  values  of  P/F  as  a function  of  total  water  mass  M for  these  three 
w w 

runs  are  shown  as  triangles  in  Figure  14.  It  is  seen  that  these  values 

are  consistent  with  those  from  Runs  1 through  7.  As  expected,  however, 

in  Runs  9 and  10  the  larger  bottle  absorbed  the  larger  fraction  of  the 

input  energy.  There  was  some  run-to-run  difference  in  F /F  value  for 

w 

the  larger  bottle  (0.57  compared  with  0.50),  but  it  is  difficult  to  as- 
cribe any  significance  to  this  result,  especially  since  Liu  smalUr  bottle 
exhibited  a negligible  run-to-run  difference. 

The  data  obtained  for  the  runs  performed  with  both  radiopaque 
windows  unblocked  (and  without  the  cage  installed)  were  deemed  valueless 
and  were  discarded  because  of  the  subsequent  discovery,  along  one  of  the 
boundaries  of  the  top  window,  of  a fine  crack  through  which  a significant 
power  flow  could  be  detected  with  a Narda  probe.  This  crack  was  repaired, 
and  we  proceeded  with  the  runs  in  progress  with  the  cage  instalUd.  (It 
d ul  not  appear  worthwhile  to  repeat  the  runs  without  the  cage  because  dur- 
ing runs  with  the  cage  the  top  radiopaque  window  exhihiti'd  no  significant 
Lempi'ratiire  rise,  indicating  that  its  repair  was  also  smciss  t u 1 . i 


It  should  be  noted  that  this  window  pn'blem  with  the  pia^totvpe 
module  was  avoided  in  the  12  KPA  moilules  by  having  the  windows  dip-brazed 
bv  an  tnitside  shop  that  specializes  in  such  technology. 


Runs  with  Cage  Installed  and  Both  Windows  Unblocked 

After  fixing  the  aforementioned  crack  and  ensuring  that  no 
other  significant  artifacts  of  a similar  nature  were  present  (by  exploring 
the  outer  surfaces  of  the  cavity  with  a Narda  probe),  we  performed  Runs  11 
through  15  with  the  cage  installed.  The  results  are  presented  in  Table  3, 
again  in  order  of  increasing  water  mass. 

The  first  point  to  be  noted  is  that  the  fraction  of  the  energy 
absorbed  by  the  water  is  relatively  small,  ranging  from  about  20  to  50 
percent  (compared  with  about  87  percent  with  the  cage  absent).  Evidently 
the  cage  constitutes  a relatively  large  RF  load  despite  the  fact  that  it 
is  constructed  from  low-RF-loss  materials.  On  reflection,  this  result 
can  be  accounted  for  qualitatively  by  the  relatively  large  mass  of  the 
cage  (about  40  kg)  and  the  distribution  of  its  mass  over  a large  surface 
area  because  of  its  grille  configuration.  In  essence,  virtually  all  the 
cage  mass  is  affected  by  the  radiation  because  the  cage  is  thinner  (at 
all  locations)  than  the  skin  depth  at  2.45  GHz  for  the  nuiterials  used. 

Second,  unlike  the  results  for  Runs  1 through  10,  the  fraction 

E /E  of  the  input  energy  absorbed  by  the  water  is  seen  to  increase  with  ' 

w 

total  water  mass,  which  is  also  consistent  with  the  presence  of  the  large 
fixed  RF  load  presented  by  the  cage.  If  this  consideration  is  included 
in  a simple  cylindrical-bottle  model,  then  the  relationship  between  I’/F 

w 

and  M would  not  be  linear  but  would  exhibit  a decreasing  slope.  This 
behavior  can  be  discerned  for  the  experimental  values,  shown  as  squares 
in  Figure  14. 

Third,  comparison  of  tlie  results  for  Runs  13  and  14,  which  were 
similar  to  one  another  except  for  bottle  placement,  shows  that  the  largir 
bottle  .ibsorbed  the  greater  fractiim  of  the  energy  in  each  case  (as  with 
Runs  4 and  lOi  , but  tliat  there  was  no  significant  difference  ascril>.ible 
to  bottle  placement  within  the  module. 


■♦■4 


Last,  we  found  that  a graph  of  P/F  as  a function  of  M can  be 

w w 

useful  for  coarsely  estimating  the  RF  power  requirements  for  future  mod- 
ules. To  illustrate  this  point,  suppose  that  the  smallest  monkey  to  be 

2* 

chronically  irradiated  at  an  F value  of  10  mW/cm  has  a weight  of  about 

w 

5 kg.  From  Figure  14,  the  corresponding  value  of  P/F  is  approximately 
2 

5.2  kW  per  W/cm  , which  yields  a value  of  52  W for  the  net  power  required. 

Regarding  the  relatively  large  RF  load  presented  by  the  cage, 
we  were  concerned  that  the  cage  may  become  too  warm  during  prolonged 
irradiation  periods.  Therefore,  a run  of  about  eight  hours  at  an  input 
power  of  1 kW  was  made  under  normal  room  ventilation  conditions  with  a 
representative  saline-water  load  within  the  cavity/cage  unit.  At  the 
end  of  the  run,  the  cage  was  barely  warm  to  the  touch,  indicating  that 
excessive  cage  heating  would  not  be  a problem. 

4.  Summary  of  Calorimetric  Work  on  Thermal  Equivalence  for 
Squirrel  Monkeys 

As  indicated  in  the  footnote  on  p.  3,  it  is  difficult  to  use 
biological  endpoints  as  a basis  for  unambiguously  defining  power-density 
equivalence  between  cavity  and  unidirectionally  incident  plane-wave  ir- 
radiation, and  we  therefore  resorted  to  a form  of  tliermal  equivalence 
based  on  calorimetry.  The  specific  oljjective  was  to  determine,  for 
plane-wave  power  densities  of  10,  1,  and  0.1  mW/cm^,  the  corresponding 


For  the  purposes  of  this  example,  assume  that  this  value  of  F^^  is 
tiiermally  equivalent,  as  defined  in  Section  I,  to  10  mW/cm“  of  uni- 
direct  iona  1 Ly  incident  plane-wave  irradiation.  In  practice,  the  thermal 
equivalence  relationship  between  tlie  two  forms  of  irradiation  wouKI  be 
determined  experimentally  first,  and  tlie  derived  valiu'  of  F,^  correspond- 
ing to  the  desired  plane-wave  power  density  would  then  be  used. 

Performed  on  Contract  No.  68-02-2248  (SKI  Project  44071  with  the  KPA. 
This  summary  is  included  in  this  report  because  of  its  relevanci'  to  the 
future  use  of  such  modules  for  ca  ta  rac  togenes  i s i lives  t i ga  t i cnis  . 


values  of  power  absorbed  by  each  of  two  squirrel  monkeys  concurrently 
subjected  to  whole-body  irradiation  in  one  of  the  partitioned  cavity/cage 
units,  and  to  relate  each  power  absorption  value  to  the  net  power  flow 
into  the  unit.  Since  performing  calorimetry  on  actual  squirrel  monkeys 
was  (and  still  is)  not  possible,  we  used  cylinders  containing  600  g and 
dolls  containing  1000  g of  0.1  N NaCl  solution.  The  dolls,  which  had 
rubber  skins  about  2 mm  thick,  provided  a better  approximation  to  the 
geometry  of  squirrel  monkeys;  thus  only  the  calorimetry  results  with  the 
dolls  are  presented  below. 

To  prevent  heat  loss  from  the  dolls  during  the  calorimetry  runs, 
each  was  enclosed  in  a coffin-like  insulating  box  constructed  of  2-inch- 
thick  styrofoam  sheet.  Immediately  before  and  after  the  runs,  the  dolls 
were  shaken  vigorously  and  temperature  measurements  of  the  water  were 
taken  with  the  YST  Model  42  SC  Tele-Thermometer. 

Two  identical  dolls  were  used  for  the  calorimetric  work  in  Llie 
cavity/cage  unit,  one  in  each  half  of  the  partitioned  cage.  To  clieck  for 
possible  regional  variations  of  absorbed  power  within  the  cavity,  we 
placed  each  doll  in  different  relative  positions  and  orientations  within 
each  half  of  the  cage  for  each  run  and  recorded  the  positions.  In  a 
representative  series  of  16  runs  at  a net  power  of  2.05  kW  into  the  unit 
for  two  minutes,  a mean  temperature  increase  of  13.4  • 2.06°C  was  obtained 
in  each  doll,  corresponding  to  a linear  tempera ture- ri se  rate  of  6.7°C/min. 
(The  temperature  variations  from  the  mean,  appn'ximately  15  percent,  were 
caused  primarily  by  the  a forement toned  clianges  in  the  relative  positions 
anti  orientations  of  the  two  dolls.) 


This  technique  originally  was  ust'd  by  A.  Amu'.  "Scattering  ami  Abst'ip- 
tion  t'f  Micn<waves  by  Dissipative  Diilectric  Objects:  I'he  Biological 

Significance  aiul  Hazards  to  Mankind."  Doctoral  Dissert  ititni,  Hnivirsilv 
of  I’ennsv  1 van  i a , I’h  i 1 atle  1 ph  i a , I’A  . M 1 1 S Document  Ni'.  AD-408Dq7.  1 'Hi  1 . 
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For  the  plane-wave  calorimetry,  one  of  the  two  dolls  was  ir- 
radiated in  a 20  X 12  X 8-ft  microwave  anechoic  chamber  lined  witli 
Eccosorb  Type  VHP-12  and  CV-4  pyramidal  microwave  absorber.  Microwave 
power  from  the  Cerling-Moore  Model  4003/4006  power  source  was  fed  into 
the  chamber  through  a special  sidewall  manifold  panel  containing  a WR  284 
waveguide  section.  The  waveguide  was  terminated  in  a flared,  rectangular, 
unflanged,  standard-gain  feed  horn.  The  E-field  polarization  was  vertical. 
Forward  and  reflected  microwave  powers  were  measured  using  a bidirectional 
coupler,  bolometers,  and  HP  pow^r  meters  (Type  432A  for  forward  power  and 
Type  431A  for  reflected  power).  The  coupler  previously  had  been  cali- 
brated accurately  on  an  HI’  8542B  Automatic  Network  Analyzer.  liie  doll 
(inside  its  styrofoam  insulating  box)  was  positioned  vertically,  facing 
the  horn,  63.5  cm  (25  inches)  from  its  midplane  to  the  lace  of  the  liorn, 
with  the  center  of  the  doll  approximately  collinear  with  tlu  liorn  axis. 
Because  this  distance  is  greater  than  5 wavelengths  at  2.45  GHz,  the  doll 
was,  for  all  intimts  and  purposes,  subjected  to  plam-wave  radiation.  A 
series  of  full-power  experimental  runs  (approximately  1950-W  net  power 
flow  to  the  feed  horn)  yielded  a mean  temperature  rise  in  thi'  doll  of 
12.86°C  ovi'r  a 15-minute  exposure,  corresponding  ti>  a temperature-rise 
rate  of  0.857  C/min. 

For  these  full-power  runs,  the  power  density  at  the  location  oi 
tlu-  doll  was  too  high  to  measure  with  a Narda  Model  8300  Powi-r  Density 
Meter.  By  reducing  the  net  power  to  the  horn  to  bring  tlu-  power  eh-nsity 
within  the  upper  range  of  operation  I'f  tlu-  Narda  meter,  we  could  make-  a 
si-ries  e'f  me-a sun-me-n t s of  the  ne  t powe-r  fe  el  to  tlu-  horn  ci'r i i-spenul  i ng  to 
the-  powe-r  ele-nsitv  at  tlu-  location  of  the-  ce-nte-r  e' t tlu-  deill  in  its  ab- 
sence. We'  ihe'ii  ealculated,  on  a pri'po r t i eiiia  1 basis,  the  powe-r  eiensilv 


ITaeli-mark  of  Eiiu-rson  aiul  Guming,.  1 lu' . , Waltham,  M.i  ssaihuse  t t s . 
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for  the  calorimetric  runs  with  the  doll,  and  obtained  the  value  175  mW/cm 

(for  0.857°C/min) . Therefore,  by  proportionality  again,  a plane-wave 

2 

power  density  of  10  mW/cm^  would  yield  a temperature-rise  rate  of 

_9 

4.90  X 10  “ °C/min. 

! 

Based  on  the  6.7°C/min  value  obtained  in  the  cavity  with  2.05  kW 

-2  Q 

net  power  flow,  a temperature-rise  rate  of  4.90  X 10  C/min  would  re- 
quire only  15  W of  net  power  into  the  cavity  unit.  Thus,  for  a pair  of 

saline-simulated,  1000-g  squirrel  monkeys,  this  net  power  value  is  taken 

2 

to  be  the  thermal  equivalent  of  10  mW/cm^  of  plane-v>/ave  radiation  arriving 

frontally,  full  face,  and  with  the  E-vector  parallel  to  the  symmetry  plain' 

2 

of  the  monkey's  trunk.  Similarly,  the  equivalents  for  1.0  and  0.1  mk'/cm 
are  1.5  and  0.15  W,  respectivi’ly. 


IV 


CONCLUSIONS 


The  work  described  in  Section  III  warrants  the  following  conclusions 

(1)  The  primary  objective  of  Phase  I of  this  cataractogenesis 
investigation--the  development  and  calibration  of  a proto- 
type, RF-powered  microwave  cavitv/cage  svstem  for  chronicallv 
irradiating  nonhuman  primates  as  large  as  stumptail  macaques-- 
was  achieved.  This  system  embodies  the  following  basic 
characteristics  pertinent  to  investigations  requiring  chronic 
exposures  of  animals: 

• The  RF  power  input  to  the  cavitv  and  its  contents  (cage 
and  animal)  can  be  set  to  any  predetermined  value  up  to 
about  600  W (the  upper  limit  determined  by  the  tvpe  of 
magnetron  used).  Any  preset  value  within  the  range  is 
automatically  maintained  constant  bv  a feedback  loop. 

• The  radiation  environment  experienced  bv  an  animal  within 
the  cavitv/cage  unit  is  essential Iv  omnidirectional  ami 
randomly  polarized,  because  the  large  sizi'  ot  t!u>  cavitv 
relative  to  the  wavelength  permits  multimode,  modi' -s t i rred 
operation  at  2.45  GHz.  Therefore,  the  animal  need  not  be 
constrained  (other  than  confinement  to  its  cage)  during 
long  periods  of  irradiation. 

• Based  on  calorimetric  work  with  sa 1 i ne- f i 1 1 ed  containers 
serving  as  first  approximations  of  the  Rl-'  loads  presiuited 
by  monkeys,  the  "whole-body"  dose  rate  at  a given  input 
Rl-'-power  level  is  insensitive  to  location  within  the  cage. 

• Similar  calorimetric  work  indicated,  as  expecti'd,  that  at 
a fixed  input  li'Vel,  the  wholi-bodv  dose  rate  for  an 
animal  is  inversely  dependent  on  its  weight.  Therefore, 
in  order  to  provide  the  desired  dose  rate,  t !u  input 
level  must  be  selected  a ccord  i iv.' 1 v . 

(2)  The  subsequent  construction  of  12  modules  based  on  t hi 
prototype  and  their  use  in  chriinic  irradiation  of  squirn  I 
monkeys  lor  an  UFA  program  entailed  signiticani  imptovements 
in  design  and  labrication  techniques.  Because  ot  this  work, 
tuture  modules  can  be  built  readily  ,'ind  economi  ca  1 1 v. 


(3)  The  thermal  equivalence  between  plane-wave  and  cavity 
irradiation,  determined  ca lor ime t r ica 1 1 v for  squirrel 
monkeys,  is  a useful  concept  that  can  be  extended  to 
other  animals,  particularlv  to  the  larger  primates  under 
consideration  for  this  cataractogenesi s program.  How- 
ever, concurrent  infrared  thermograpliic  work  is  necessarv 
to  determine  distributions  of  energy  absorption  and  their 
relationship  to  the  biological  objectives  of  the  program. 
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V RECOMMENDATIONS  FOR  FUTURE  WORK 


For  the  next  phase  of  the  cataractogenesis  program,  we  recommend  the 
pursuit  of  the  following  major  aspects: 

• Chronic  irradiation  of  a group  of  animals  at  tlie  plane-wave 
equivalent  of  10  mW/cm“  and  concurrent  sham  irradiation  of 
a group  of  control  animals,  botli  to  be  performed  in  cavity 
modules  similar  to  those  alreadv  constructed.  Eye  examina- 
tions of  both  groups  of  animals  to  be  made  by  qualified 
ophthalmologica 1 consultants  as  frequently  as  is  necessary 
during  the  irradiation  regimen, 

• Irradiation  of  groups  of  animals  at  power-density  levels 
covering  a suitable  range  above  (and  below,  if  necessary) 
the  10  mW/cm^  value,  to  derive  a relationship  between  power 
density  and  the  time  interval  to  the  onset  of  eve  damage, 
and  to  determine  therefrom  whether  a threshold  for  eve 
damage  exists. 

• Postexposure  examinations  for  latent  effects  over  a suit- 
able period  of  time,  if  the  results  of  tlie  tasks  above  in- 
dicate the  importance  of  doing  so. 

In  pursuing  such  a program,  it  would  be  very  desirable  to  use  a 
large  number  of  animals,  i,'hich  would  require  a correspondi  ng!  v large 
number  of  eye  examinations  as  well  as  the  const  met  ion,  operation,  and 
maintenance  of  the  necessary  modules.  However,  with  d>ie  recognition  to 
probable  funding  limitations,  we  have  proposed,  under  siparate  cover, 
a minimal  program  that  we  believe  would  vielil  significant  results. 
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